pWW53 is a 110 kbp catabolic plasmid which encodes the complete pathway for the utilization of toluene and the xylenes. The upper pathway operon xylCAB is located between two homologous but distinct meta pathway operons, xylDLEGF(1, J, K ) H , which are in direct repeat. These have each been cloned on large Hind111 restriction fragments HA (17.5 kbp) and HB (15.6 kbp), the restriction sites of which have been mapped. During growth of MT53 on benzoate, mutants which have lost the ability to grow on hydrocarbons such as m-xylene (Mxy-) but which retain the ability to grow on their carboxylic acid metabolites such as m-toluate (Mtol+) take over the culture before ultimately being displaced by plasmid-free strains which are Mxy-Mtol-. The plasmids in the Mxy-Mtol+ mutants are formed by a large deletion between homologous regions of the two duplicate meta pathway operons. This causes the loss of the intervening xylCAB operon and the formation of a hybrid xylDLEGF(1, J, K ) H operon, starting with the genes originally on HA and terminating with the genes originally on HB.
The Presence of Two Complete Homologous meta Pathway Operons on TOL Plasmid pWW53
By pWW53 is a 110 kbp catabolic plasmid which encodes the complete pathway for the utilization of toluene and the xylenes. The upper pathway operon xylCAB is located between two homologous but distinct meta pathway operons, xylDLEGF(1, J, K ) H , which are in direct repeat. These have each been cloned on large Hind111 restriction fragments HA (17.5 kbp) and HB (15.6 kbp), the restriction sites of which have been mapped. During growth of MT53 on benzoate, mutants which have lost the ability to grow on hydrocarbons such as m-xylene (Mxy-) but which retain the ability to grow on their carboxylic acid metabolites such as m-toluate (Mtol+) take over the culture before ultimately being displaced by plasmid-free strains which are Mxy-Mtol-. The plasmids in the Mxy-Mtol+ mutants are formed by a large deletion between homologous regions of the two duplicate meta pathway operons. This causes the loss of the intervening xylCAB operon and the formation of a hybrid xylDLEGF(1, J, K ) H operon, starting with the genes originally on HA and terminating with the genes originally on HB.
I N T R O D U C T I O N
The pathway for catabolism of toluene and some substituted toluenes, such as rn-xylene, in Pseudomonas appears to be almost always plasmid determined (Fig. 1) . A number of these TOL plasmids have been reported (Williams & Worsey, 1976; Yano & Nishi, 1980; Kunz & Chapman, 198 1) but in only three cases have the locations and the physical organization of the catabolic genes been determined. The archetypal plasmid pWW0 (Worsey & Williams, 1975) and its cointegrate with RP4, pTN2 (Nakazawa et al., 1978) , have been the subjects of the most intense investigations but, more recently, two other TOL plasmids have been analysed. In both cases the analysis has been facilitated by the use of cointegrate plasmids formed spontaneously by the insertion into the RP4 replicon of a length of the TOL plasmid DNA carrying the catabolic genes. Both pWW53-4, derived from pWW53 (Keil et al., 1985a (Keil et al., , 1987 , and pDK2, from pDKl (Shaw & Williams, 1988) , carry on the TOL plasmid insert the genes of the complete pathway, comprising the upper pathway operon xylCAB and the meta pathway operon xylDLEGF(1, J, K ) H together with regulatory genes.
Further investigation of pWW53 was prompted by the apparently anomalous restriction fragment patterns of the plasmids in two spontaneous deletion mutants which were found after the host strain Pseudomonasputida MT53 was grown in benzoate. Analysis of these plasmids and of the original wild-type plasmid showed that pWW53 carries two homologous, but distinguishable, direct repeats of the meta pathway operon xylDLEGF(1, J, K ) H . The deletion mutants were the result of homologous recombination between the duplicate copies, generating large deletions of the intervening DNA and the formation of new hybrid operons. 
METHODS
Bacterial strains and plasmids. The Escherichia coli and Pseudomonas putida strains and the plasmids used or constructed are listed in Table 1 .
Media and culture conditions. Bacteria were grown and maintained as described by Worsey & Williams (1975) and Keil et al. (1985a, b) . P. putida strains carrying the deleted plasmids were maintained on minimal agar plates with 5 mM-m-toluate. For enzyme assay, uninduced E. coli were grown on Luria broth and uninduced P . putida on 10 mwacetate-minimal medium. Induction by m-toluate was achieved by adding 5 mM-m-toluate to P . putida cultures which had been growing on 10 mwacetate for 6-8 h and harvesting the cultures 12-15 h later when stationary phase was reached.
Selection of mutants during growth on benzoate. Strain MT53 was grown on 5 m-benzoate in sequential batch cultures as described by Williams et al. (1988) . Selection experiments were also done in a simple chemostat made of a round-bottomed flask with siphon overflow into which 5 mM-benzoate in minimal salts medium was pumped at a dilution rate of 0.1-0.2 h-l.
Enzyme assays. Enzymes were assayed in cell-free extracts using published procedures for catechol 2,3-oxygenase and 2-hydroxymuconic semialdehyde dehydrogenase 197 l) , for 2-hydroxymuconic semialdehyde hydrolase and for benzyl alcohol and benzaldehyde dehydrogenases (Worsey & Williams, 1975) . In each case a unit of activity is defined in terms of pmol substrate converted min-I.
Plasmid and DNA manipulations. pWW53, pWW53-1, pWW53-2 and pWW53-4 were extracted from Pseudomonas hosts according to Wheatcroft & Williams (1981) . Vector and recombinant plasmids, isolated from E. coli hosts, were recovered after CsCl/ethidium bromide gradient centrifugation. Hydrolyses with restriction endonucleases, DNA ligations and transformation of E. coli with plasmid DNA were done by standard procedures (Maniatis et al., 1982) . Both E. coli and P. putida strains were screened for the presence of small plasmids according to Holmes & Quigley (1981) . DNA-DNA hybridizations were done as described by after Southern (1975) .
Mobilization of recombinant plasmids into P . putida. Recombinant plasmids with inserts in the broad-host-range vector pKT230 were mobilized from E. coli into P . putida using the unstable RP4 derivative plasmid pNJ5000 as described by .
RESULTS

Growth of MT.53 on benzoate
After growth on benzoate-minimal medium all P . putida strains containing TOL plasmids segregate characteristic mutants which either have lost the plasmid or have suffered deletions in the plasmid with total or partial loss of the catabolic genes (Bayley et al., 1977; Kunz & Chapman, 1981; (Keil et al., 1985a) Mxy-Mtol+ mutant of MT53, segregated during growth on benzoate (this study) Mxy-Mtol+ mutant of MT53, segregated during growth on benzoate (this study) Mxy-Mtol-plasmid-free derivative of MT53, selected after prolonged growth on Plasmid-free, benzoate cis-glycol dehydrogenase-mutant of P. putida mt-2 Rifr plasmid-free derivative of P. putida mt-2 (Keil et al., 1985a) Mxy+ Mtol+ CbrKmrTcr. Plasmid is cointegrate between pWW53 and RP4 benzoate (Keil et al., 1985a ) (Keil et al., 1985a (Keil et al., 1985a) ND sequential transfers in batch culture on benzoate-minimal medium or after 40-60 h in a simple chemostat with limiting benzoate, the populations were dominated by mutant strains which no longer grow on hydrocarbon substrates such as m-xylene (Mxy-) but still grow on rn-toluate (Mtol+) although more slowly than does wild-type MT53. Two such segregants, MT53-1 and MT53-2, independently isolated, were retained. As the cultures were continued, strains such as these diminished in number and the populations were taken over, eventually completely, by strains with the phenotype Mxy-Mtol-. These are typical of plasmid-free P. putida and this was confirmed experimentally by examining several for plasmid content : strain MT53-3 was retained for enzyme analysis as a typical plasmid-free segregant.
The probable reason for the sequential selection was differences in growth rates on benzoate. In batch cultures the approximate doubling times were found to be: MT53 (144 min), MT53-1 (102 min), MT53-3 (90 min).
Enzyme analysis of segregants Enzyme assays (Table 2) show that MT53-1 and MT53-2 differ from wild-type MT53 in three main respects. (1) The specific activities of benzyl alcohol dehydrogenase (xylB) and benzaldehyde dehydrogenase (xylC) are not induced by m-xylene above the basal levels found in plasmid-free P. putida strains such as MT53-3. (2) The specific activities of catechol 2,3-oxygenase (xylE), 2-hydroxymuconic semialdehyde hydrolase (xylF) and 2-hydroxymuconic semialdehyde dehydrogenase (xylG) in both induced and uninduced cells are lower than in MT53, but the ratio of induced : uninduced activities is about the same. (3) During growth on benzoate the chromosomally encoded catechol 1,2-0xygenase is induced.
Plasmid analysis of segregants Both MT53-1 and MT53-2 contained plasmids (designated pWW53-1 and pWW53-2, respectively) which restriction digests showed were clearly derived from the wild-type plasmid by the deletion of about 30-35 kbp. The BamHI digests in particular were much simplified : in place of the 10 fragments of pWW53 (Keil el al., 1985a) , pWW53-2 has only two large BamHI fragments and pWW53-1 has two large and one intermediate BamHI fragments. However this highlights a puzzling paradox. The RP4 : : pWW53 cointegrate plasmid pWW53-4, which carries the complete toluene/xylene catabolic pathway, has been the subject of detailed restriction analysis (Keil et al., 1987) and all the restriction fragments found in digests of pWW53 and which form part of the 36 kbp insert of pWW53 DNA in pWW53-4 have been identified. Of the BamHI fragments, one (BC, see Fig. 4 ) carries genes of the meta pathway operon (xylDLEGF(1, J, K ) H ) and the regulatory genes xylR and xylS. Two others (BE and BF) carry genes of the xylCAB operon. Yet these three fragments are missing from digests of both pWW53-1 and pWW53-2. The loss of xylCAB from both plasmids does not conflict with the enzyme assays (Table 2 ) since benzyl alcohol dehydrogenase (xylB) and benzaldehyde dehydrogenase (xylC) are not expressed, but both MT53-1 and MT53-2 grow on m-toluate and express the enzymes of the meta pathway operon. The loss of fragments BC and BD is, therefore, paradoxical.
Molecular cloning of genes for catechol2,3-oxygenase In the light of recent reports that some TOL plasmids encode two genes for catechol 2,3-oxygenase (xylE) (Keil et al., 19856; Chatfield & Williams, 1986) we attempted to clone fragments from plasmid preparations of pWW53, pWW53-1 and pWW53-2 which expressed catechol 2,3-oxygenase using the same procedure adopted by Chatfield & Williams (1986) . Ligating XhoI digests of pWW53 into pKT230 resulted in eight recombinant plasmids which expressed catechol 2,3-oxygenase activity. Restriction mapping of these showed that three inserts were identical to the 2.1 kbp insert of pWW53-3555 obtained from pWW53-4 (Keil et al., 1985a) (Fig. 2a) . The other five also had inserts of 2.1 kbp but the configuration of restriction sites differed and did not correspond to any part of pWW53-4 (Fig. 2b) .
When XhoI digests of pWW53-2 were ligated into pKT230, 17 transformants were found which expressed catechol 2,3-oxygenase and all of them had the same restriction map as the second type of fragment cloned from pWW53, the type not associated with pWW53-4 (Fig. 26) .
Thirteen xylE+ transformants were obtained from pWW53-1. All were identical but differed from those isolated from pWW53 and pWW53-2. They contained the BamHI site present in the insert from pWW53-4 but the other restriction sites were identical to the fragment found only in pWW53-1 (Fig. 2c) . Molecular cloning of large HindIII fragments pWW53 contains two large HindIII fragments, HA (17.5 kbp) and HB (originally estimated to be 16.6 kbp) (Keil et al., 1985a) . HA carries a complete meta pathway operon and forms part of the insert on pWW53-4 but is deleted in both pWW53-1 and pWW53-2. Both pWW53-1 and pWW53-2 each contain a single large HindIII fragment and Southern blotting showed that, when the cloned XhoI fragments carrying the genes for catechol 2,3-oxygenase were used as probes against HindIII digests of the plasmids, these large fragments hybridized against the probes. Similar blots against digests of pWW53 indicated that HB might also hybridize but the poor resolution of HA and HB on gels made this a tentative conclusion only.
We therefore ligated HindIII digests of pWW53, pWW53-1 and pWW53-2 into pKT230 and screened E. coli transformants for the expression of catechol 2,3-oxygenase by spraying plates with 10 mhl-catechol.
From pWW53 D N A we obtained one transformant which contained an insert identical in its digestion with a range of endonucleases to the insert of pWW53-3301, carrying HA (Keil et af., 1985a) . From another transformant we also obtained a second recombinant plasmid with a slightly smaller insert which had a different digestion pattern and corresponded to HB: the plasmid was named p W W 53-3002.
Using the same method, we were also able to obtain the large HindIII fragments from each of pWW53-1 and pWW53-2 to give recombinants pWW53-3003 and pWW53-3004, respectively.
Restriction mapping of p WW53-3002, p WW53-3003 and p WW53-3004
The three large HindIII inserts of pWW53-3002, pWW53-3003 and pWW53-3004 were mapped for cleavage sites for 11 restriction endonucleases by use of single, double and triple digestions of the plasmids and of subclones thereof: the maps are presented in Fig. 3 where they are compared with the published map for the HA insert of pWW53-3301 (Keil et al., 1985a) . There is a clear relationship between the pattern of restriction sites on HA and HB. Of the 47 sites identified on HB, as many as 23 could be in apparently identical positions on HA, although for this to be the case one has to allow for some slippage of alignment (of about 1-1.3 kbp) along the length of the cloned fragments. It is possible that this is the result of the accumulation of errors in the independent estimations of their sizes, but we think this is unlikely to account for slippage of that magnitude. If the size estimates of both are accurate, then an explanation could be the presence of small insertions in HA (or deletions in HB) causing the observed misalignment of restriction sites. The most obvious homology is at the beginning of the operons (OP2, xylDL) ; the apparent similarity is less in the middle of the operon but, allowing for the slippage, picks up again further downstream. However similarity is not apparent outside of the region of HA shown to carry the structural genes (Keil et al., 1987) . The two cloned HindIII fragments derived from the deletion plasmids pWW53-1 and pWW53-2 were mapped by comparison of their digests with those of HA and HB to both of which they are clearly related. Both share a left-hand end with an identical configuration of sites to the left-hand end of HA but this changes to an order of sites identical to that of HB ; this occurs at around coordinate 5 for pWW53-3003 and coordinate 3 for pWW53-3004. In pWW53-3003, the cross-over point occurs within the 2.1 kbp XhoI fragment shown to carry the catechol2,3-oxygenase gene confirming the data of Fig. 2 .
It is clear from this that the deletions in pWW53-1 and pWW53-2 were formed by recombinational cross-over between homologous regions on fragments HA and HB giving rise to the novel HindIII fragments shown in Fig. 3 .
Functional analysis of p WW53-3002, p WW53-3003 and p WW53-3004
When mobilized into plasmid-free P . putida P a w 130, all three recombinant plasmids supported growth on minimal agar plates containing m-toluate, although at a substantially slower rate than did pWW53-3301 with its HA insert. The expression of three meta pathway enzymes, catechol 2,3-oxygenase, 2-hydroxymuconic semialdehyde hydrolase (xylF) and 2-hydroxymuconic semialdehyde dehydrogenase (xylG) by both E. coli and Pseudomonas host strains was confirmed but, compared with pWW53-3301, the uninduced activities were lower and were not induced by growth in the presence of rn-toluate (Table 3) . Compared with the specific activities in Paw696 carrying the plasmid with the HA insert, the uninduced levels of all three enzymes assayed were considerably lower and in the case of 2-hydroxymuconic semialdehyde hydrolase could not be detected in E. coli. This correlates with the poorer growth rates on m-toluate and also with the lower activities expressed from the parental plasmids, pWW53-1 and pWW53-2 ( Table 2 ).
The ability of P. putida carrying pWW53-3002 to grow on m-toluate does not definitively prove the presence of the complete operon on HB since there are the ben genes, isofunctional to xylD (for benzoate dioxygenase) and xyZL (for benzoate cis-diol dehydrogenase), which are chromosomally encoded, being part of the pathway for benzoate dissimilation. We confirmed the presence of xylL on HB by mobilizing pWW53-3002 into PaW95, a plasmid-free mutant lacking the chromosomal benzoate cis-diol dehydrogenase and which is unable to grow on benzoate. Mobilization of pWW53-3002 into PaW95 restored its ability to grow on benzoate. The joint presence of xylDL was demonstrated by subcloning the SmaI fragment from the lefthand end of HB into pKT230 to generate pWW53-3901. E. coli cells containing pWW53-3901 were able to convert rn-toluate to 3-methylcatechol as demonstrated by the accumulation of a dark brown material, the autoxidation products of 3-methylcatechol, when plated onto Isosensitest agar containing 5 mM-rn-tOlUate.
Relative locations of the TOL pathway genes on p WW.53 A complete restriction map of pWW53 has only been determined for the BamHI fragments (Fig. 4) , although fairly complete maps have been derived for Hind111 and KpnI sites (Pickup, 1984) . We have used the complete BamHI map to determine exactly the relationship between the two meta pathway operons and the extent of the deletions in pWW53-1 and pWW53-2 (Fig.  4) . As can be seen, the catabolic genes span some 50 kbp of the 110 kbp plasmid with the single xylCAB operon between the two xylDLEGF(1, J, K ) H operons. These two operons run in the same direction and the deletions which occur in MT53-1 and MT53-2 start in two different positions in the HA operon, which we will refer to as (xylDLEGF(1, J, K ) H ) , , and extend to homologous positions in the operon on HB (xylDLEGF(1, J, K)H),. The deletion removes the upper pathway operon, xylCAB, resulting in the Mxy-phenotype.
Duplicate meta pathway operons on TOL plasmid Although two earlier papers have shown that some naturally occurring TOL plasmids contain two genes for catechol2,3-oxygenase (Keil et al., 19858; Chatfield & Williams, 1986) this paper reports the first demonstration of a duplicate copy of a complete operon on a TOL plasmid. The only other such natural duplication in a catabolic plasmid which has been reported is the nylon oligomer plasmid pOAD2, which has been shown to carry both a functional nylB gene, encoding a 6-aminohexanoate linear dimer hydrolase, and a nylB' gene which encodes a highly homologous protein with a much reduced hydrolase activity (Negoro et al., 1983 (Negoro et al., , 1984 . It is proposed that this gene and its duplicate copy are the result of relatively recent evolutionary events (Ohno, 1984) .
In the case of pWW53 two events could have resulted in its present structure. Either the two operons are the result of a gene duplication event on the plasmid and have subsequently diverged by mutation to give the two distinguishable operons now present. Alternatively, a plasmid carrying a single meta pathway operon might have acquired a second by recombination with another TOL plasmid coexisting in the same cell or with chromosomally integrated TOL genes as have been described in two strains (Jeenes & Williams, 1982; Sinclair et al., 1986) . It is impossible to distinguish between these possibilities but the difference in the restriction maps between the two would seem to rule out a recent duplication event.
The coexistence of these two homologous copies has the consequence that recombination can occur between them giving rise to the deletions found in pWW53-1 and pWW53-2. Since a deletion of this type always gives rise to a Mxy-phenotype, it is relatively simple to recognize deletants. However, we have never found any during growth of MT53 on nonselective media. By that criterion the plasmid would seem to be stable. As seen for TOL plasmids, growth on benzoate appears to be a very strong selection against maintenance of the complete catabolic function. This has been attributed to an increased growth rate of the segregants on benzoate Williams et al., 1988) , although this has been disputed (Stephens & Dalton, 1987) . In the case of MT53 the growth-rate hypothesis appears to be reasonable since the deletants grow measurably faster on benzoate than does the wild-type which they displace and then are themselves displaced by the even faster growing plasmid-free strains. The increased growth rate on benzoate of the deletants is paralleled by a reduction in growth rate on m-toluate. This is the result of much lower levels of expression of the meta pathway enzymes. It is presumed in the case of benzoate that these lower activities of the meta pathway enzymes cause some catechol to accumulate transiently in the medium, allowing cis, cis-muconate to form and thus inducing the chromosomal p-ketoadipate pathway, as indicated by the induction of catechol 1,2-0xygenase (Table 2) . It is the use of this pathway which supports the higher growth rate . Since m-toluate and its metabolites cannot be utilized by the pketoadipate pathway or cause its induction there is no relief from the reduced specific activities of the meta pathway enzymes. The data are, therefore, consistent with benzoate acting as a strong selection for the amplification of a relatively small number of spontaneous deletants, as proposed for the archetype plasmid pWW0 where recombination occurs between two 1-4 kbp direct repeats to delete the entire catabolic region (Bayley et al., 1977; Meulien et al., 1981) .
It is interesting to note that both the regulatory genes which have been identified on pWW53-4, xylS and xylR, are deleted in pWW53-1 and pWW53-2 and, yet, the meta pathway enzymes remain inducible, albeit to lower levels than from pWW53 itself. This shows that there remain on the deleted plasmids a regulatory gene or genes which can act at the operatorpromoter region of the operons which are formed as a hybrid between that on HA and that on HB. There does not appear to be a xylS gene downstream of the meta pathway operon on HB, as there is on HA, since there is no induction by m-toluate of the enzymes in P. putida strains carrying pWW53-3002, pWW53-3003 or pWW53-3004. In support of this, a probe prepared from the xylS region of pWW0, which does hybridize with the xylS on HA, does not hybridize with HB; it does, however, hybridize with two other regions of pWW53 (data not presented) one of which is retained in the deleted plasmids. We are currently investigating these two other homologous regions of the plasmid in order to ascertain whether there is a duplication of xyZS as well as of the structural genes.
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What is not clear from the results presented here is whether both operons on pWW53 function equally in the catabolism of aromatic hydrocarbons by wild-type MT53. The indications are that (xylDLEGF(1, J, K)H), is probably of less significance than (xylDLEGF(1, J, K)H), because of the generally lower specific activities found on the deleted plasmids and from the cloned genes on HB. The reason for these lower levels of expression may be the result of some differences in regulation or could be intrinsic properties of the enzymes, such as increased Michaelis constants or reduced turnover numbers. Only further investigation will reveal any differences in regulation, but preliminary results, such as the activity of catechol 2,3-oxygenase specified by the recombinant plasmids carrying the small XhoI inserts ( Table 3 ), suggest that the enzymes encoded on HB may be intrinsically less active, perhaps by about an order of magnitude.
Comparison of the results presented here with those of Chatfield & Williams (1986) would suggest that pWW53 is not unique in its possession of duplicate catabolic operons. The restriction maps of the two XhoI fragments from pWW53 which carry xylE genes (Fig, 2) are identical with the maps of the two small XhoI fragments which Chatfield & Williams showed were present on a number of newly isolated plasmids obtained from different geographical locations; the xylE+ fragment from HA corresponds exactly with the gene referred to as coding for C230Ia and that on HB corresponds to the gene for C230Ib. The situation may be even more complex with other TOL plasmids since we have evidence that another plasmid, pWWl5, that forms a range of deletion derivatives when grown on benzoate carries two homologous, yet distinguishable, xylCAB operons, and it is equivalent recombination between these regions of homology which result in the deletions (K. J. O'Donnell & P. A.
Williams, unpublished results).
The most intriguing question which arises from the coexistence of the two operons is whether such a plasmid has some particular selective advantage which accounts for its apparent stability and persistence. Three possibilities spring to mind: (1) some of the enzymes form mixed oligomers between the analogous gene products from the two operons which have some advantageous catalytic property or stability. (2) Recombination could take place between the two copies to repair major mutational damage to one of them such as has been proposed for the homologous genes for the two branches of the chromosomal /I-ketoadipate pathway (Doten et al., 1987). (3) The regulation of the two operons differs such that they are expressed individually under different growth conditions. We are currently investigating these possibilities. The answers could give some interesting insights into the evolution of pathways and of plasmids.
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